A small polar lobe forms at the first and second cleavage divisions in the gastropod mollusc Crepidula fornicata. These lobes normally fuse with the blastomeres that give rise to the D quadrant at the two-and four-cell stages (cells ultimately generating the 4d mesentoblast and D quadrant organizer). Significantly, removal of the small polar lobe had no noticeable effect on subsequent development of the veliger larva. The behavior of the polar lobe and characteristic early cell shape changes involving protrusion of the 3D macromere at the 24-cell suggest that the D quadrant is specified prior to the sixth cleavage division. On the other hand, blastomere deletion experiments indicate that the D quadrant is not determined until the time of formation of the 4d blastomere (mesentoblast). In fact, embryos can undergo regulation to form normal-appearing larvae if the prospective D blastomere or 3D macromere is removed. Removal of the 4d mesentoblast leads to highly disorganized, radial development. Removal of the first quartet micromeres at the 8-cell stage also leads to the development of radialized larvae. These findings indicate that the embryos of C. fornicata follow the mode of development exhibited by equal-cleaving spiralians, which involves conditional specification of the D quadrant organizer via inductive interactions, presumably from the first quartet micromeres.
Introduction
The spiralians include a group of closely related phyla including: Mollusca, Annelida (with Echiura, Vestimintifera, and possibly Myzostoma), Sipunculida, Nemertea, Gnathostomulida, dicyemid Mesozoa, and polyclad Turbellaria. Although these groups exhibit diverse adult body plans, molecular analyses generally reveal close phylogenetic relationships between these groups (Peterson and Eernisse, 2001; Mallatt and Winchell, 2002 , Nielsen, 2001 Baguna and Riutort, 2004) . Their embryos also exhibit highly conserved patterns of embryonic development, and cell lineage analyses have revealed a tremendous level of conservation in the developmental programs of these groups (e.g., the gastropod molluscs Ilyanassa obsoleta Render, 1991 Render, , 1997 and Patella vulgata Dictus and Damen, 1997 ; the polyclad flatworm Hoploplana inquilina, Boyer et al., 1996 ; the palaeonemertean Carinoma tremaphoras, Maslakova et al., 2004 ; the heteronemertean Cerebratulus lacteus; Henry and Martindale, 1998;  and the polychaete annelid Platynereis dumerilii, Ackermann et al., 2005) .
One hallmark shared by these groups is these distinct pattern of alternating oblique embryonic cell divisions known as "spiral cleavage" (Figs. 1A-F). In these embryos, the first and second orthogonal cleavage planes result in the formation of four cells (or "quadrants") that provide the framework for subsequent development . Spiralian embryos display one of two main forms of early cell divisions. In some species, the first and second cleavage divisions are unequal and the cells in the four-celled embryo are of different sizes. In other species, these early cleavage divisions are equal. In most species exhibiting unequal cleavages, this inequality is accomplished via the asymmetric shifting of the cleavage spindle and placement of the subsequent cleavage furrow; however, in some species, this may be generated by the formation of temporary cytoplasmic protuberances (called "polar lobes," see below), which are shunted to specific cells, or even a combination of these processes. In unequal-cleavers, the basic cell quadrants can be distinguished in the four-celled embryo. The pattern of these and subsequent cell divisions is highly conserved, and a specific nomenclature has been developed to designate the different blastomeres within these embryos (e.g., Conklin, 1897; Figs. 1A-F) . First cleavage yields the smaller AB and larger CD blastomeres. Division of these cells gives rise to the A, B, C, and D blastomeres, where the D cell is distinguished by its larger size. The oblique third cell division bisects each of these cells, and the animal-vegetal axis to generate four animal daughter cells collectively referred to as the first quartet of micromeres (1a, 1b, 1c, 1d) and four vegetal macromeres (1A, 1B, 1C, 1D). Depending on the species, these cells may be situated with either a clockwise or counterclockwise orientation relative to the four vegetal macromeres (viewed from the animal pole). Subsequent quartets (second, third, fourth) are given off of the macromeres in alternating directions. This shifting arrangement results from alternating oblique orientations of the cleavage spindles and represents the basis of the spiral cleavage pattern.
Fate maps for unequal-cleaving molluscs and annelids indicated that the A, B, and C quadrants mainly generate left, ventral, and right regions of the head, respectively Nielsen, 2004 Nielsen, , 2005 Ackermann et al., 2005) . The D quadrant gives rise to the dorsal region of the larval or adult head and most of the post-trochal (posterior) region of the animal and serves as an organizer for establishing the dorsoventral (DV) axis and the fates of the adjacent cell quadrants. First quartet micromeres give rise to head structures (e.g., left and right eyes formed by the 1a and 1c micromeres, respectively), while the fourth quartet macromeres (4A-4D) give rise to endoderm. The fourth quartet micromere of the D quadrant (4d) forms the majority of adult mesoderm (endomesoderm). Other mesoderm (ectomesoderm) is formed by first, second, and third quartet derivatives of various quadrants (Henry and Martindale, 1999) .
Experiments with unequal-cleaving mollusc and polychaete embryos have shown that the early cell divisions differentially partition vegetally localized factors responsible for establishing the organizing influence of the D quadrant blastomeres (see Verdonk and Cather, 1983; van den Biggelaar and Guerrier, 1983; Render, 1983; Henry, 1986 Henry, , 1989 Henry and Martindale, 1987; Dorresteijn et al., 1987; Wall, 1990) . If these vegetally localized factors are removed (e.g., via polar lobe removal, see below), D quadrant identity and dorsoventral polarity are abolished. Likewise, if these factors are distributed to both blastomeres during first cleavage by equalizing this division, twinning occurs with the production of two D quadrants (Tyler, 1930; Henry and Martindale, 1987; Dorresteijn et al., 1987; Render, 1989) . Cell isolation studies at the two-and four-cell stages substantiate these findings by demonstrating that the developmental potential of these early blastomeres differs (Clement, 1956 (Clement, , 1962 Verdonk and Cather, 1973; Van Dongen and Geilenkirchen, 1974; Cather and Verdonk, 1979; Render, 1983; Henry, 1986) .
Polar lobes represent one mechanism by which morphogenetic factors are partitioned into specific cell lineages to accomplish precocious specification of cell fates. Polar lobes represent transient vegetal cytoplasmic protuberances that shunt material into the CD and D blastomeres during the first and second cleavage divisions. von Fioroni (1979) compiled an extensive list of species that form polar lobes along with many details regarding polar lobe formation and early cleavage. Polar lobes have been observed in numerous representatives of the Mollusca, the polycheate Annelida, (including Vestimentifera), and in the parasitic Myzostomida, whose phylogenetic placement is somewhat contentious (Metschnikoff, 1866; Beard, 1884; Driesch, 1896; Wheeler, 1898; Carazzi, 1904; Pittiotti, 1947; Kato, 1952; Jangoux, 1992, 1993; Eeckhaut et al., 2000 ; see also Henry, 2002) .
There are two different classes of polar lobes. In some species, the lobes are large containing approximately 25 to 33% of the egg volume, such as the case in I. obsoleta (Clement, 1952) ; Sabellaria cementarum (Hatt, 1932; Novikoff, 1938; Render, 1983) ; Mytilus edulus (Rattenbury and Berg, 1954) ; and Dentalium dentale Geilenkirchen, 1974, 1975; Van Dongen, 1976a,b) . In other species, the lobes are small, containing as little as 1% of the egg cytoplasm, such as the molluscs Bithynia tentaculata (Cather and Verdonk, 1974; Cather et al., 1976) and Crepidula fornicata (Dohmen and Lok, 1975; Dohmen and van der Mey, 1977, see Figs. 2A-F) , the polycheates Chaetopterus variopedatus (Henry, 1986) and Autolytus fasciatis (Allen, 1964) , and the vestimentiferans Lamellibrachia and Escarpia (Young et al., 1996) .
Light and ultramicroscopic investigation has revealed that the small polar lobe formed at the first cleavage division in the mollusc Bithynia contains a cup-shaped vesicular body, which contains both protein and nucleic acid (Dohmen and Verdonk, 1974) . Experiments reveal that this body contains the morphogenetic determinants of the polar lobe, which are required for establishment of the D quadrant organizer. A similar "large vesicular array" was also detected in the small polar lobe of the freshwater prosobranch Aminicola limosa, though no experimental studies were undertaken to examine its functional significance (Craig and Cather, 1983) . The gastropod mollusc Crepidula also forms a small polar lobe during the first and second cleavage stages. The presence of the polar lobe was nearly missed by Conklin (1897) in his landmark study. Originally, he concluded that this structure was "…a rounded mass of hyline substance…" and believed it to be a remnant of the vegetal stalk attaching the ovum to the ovarian follicle, though he commented in a footnote that this structure may be homologous to the polar lobes described in other species, such as Chaetopterus. Ultrastructural studies of the Crepidula polar lobe and its contents were subsequently published by Dohmen and Lok (1975) and Dohmen and van der Mey (1977) , which revealed the inclusion of distinct vesicular bodies reminiscent of those seen in the vegetal body of Bithynia. No such structures have been found in the large polar lobes of other species. Although Dohmen and van der Mey (1977) claimed that the small polar lobe of Crepidula is inherited by the D quadrant, these events were followed through only to the 24-cell stage (and not long enough to distinguish asymmetries specific to the D quadrant). Small polar lobes are found in other species, including: the congeneric species C. fornicata and C. plana, prosobranchs such as: Bithynia siamensis, A. limosa, Aminicola walkeri, the paludomids Goniobasis quadrasi and Pleurocera acuta, and the hydrobiid Oncomelania hupensis quadrasi (Craig and Cather, 1983) . Consensus within the literature indicates that all species that form polar lobes (whether large or small) exhibit early differential segregation of determinants; thus, these species "…should be considered as unequal cleavers…" (Nielsen, 2004) . Experiments demonstrate that small polar lobes (i.e., Bithynia, Cather and Verdonk, 1974; Cather et al., 1976) can play the same role as large polar lobes in species such as Ilyanassa, Sabellaria, Dentalium and Mytilus (Clement, 1952 (Clement, , 1967 Render, 1983; Novikoff, 1938; Hatt, 1932; Van Dongen, 1976a,b; Geilenkirchen, 1974, 1975; Rattenbury and Berg, 1954) . Actually, the developmental role of small polar lobes has only been carefully examined in two species (B. tentaculata and Chaetoptertus variopedatus). An exception, however, has been noted for the small polar lobe in C. variopedatus. The small polar lobe of C. variopedatus may be removed at first cleavage with no apparent effect on subsequent development except for the formation of functional bioluminescent photocytes (Henry, 1986 (Henry, , 1989 . This latter example is unusual in that an early asymmetric shifting of the cleavage spindle also contributes to the unequal cleavage divisions, as is the case for other unequal cleavers that do not form polar lobes. In addition, the critical determinants present in the cup-shaped vesicular body found within the small first polar lobe of Bithynia are dispersed prior to the appearance of the second polar lobe formed at the second cleavage division. Blastomere isolation experiments indicate that this second polar lobe does not play an important role in the segregation of key morphogenetic factors between the C and D blastomeres (Dohmen and Verdonk, 1974; Cather and Verdonk, 1974; van Dam et al., 1982; Henry, 1986) . Hence, the general role of small polar lobes (such as in Crepidula) is unclear and warrants further experimental investigation.
In contrast, many spiralian embryos (including nemerteans, polyclad flatworms, as well as many polychaete annelids and molluscs) undergo equal cleavages during the first two cell divisions. In these cases, one cannot distinguish the cell quadrants until later during development when spatial and temporal division asymmetries occur. However, cell lineage analyses carried out with equal-cleaving molluscs, the polyclad turbellarian H. inquilina, and the nemerteans C. lacteus and C. tremaphoras indicate that each of these cell quadrants displays the same A-D quadrant fates as in unequal-cleaving forms Henry and Martindale, 1998; Henry et al., 1995 Henry et al., , 2004 Boyer et al., 1996 Maslakova et al., 2004) . Unlike the case in unequal-cleaving spiralians, the dorsal cell quadrant is not determined until later during development in equal-cleavers. In these species, selection of the D quadrant takes place by virtue of cell-cell interactions between the first quartet micromeres and one of the vegetal macromeres following the fifth cleavage division. Experiments indicate that any one of the four cell quadrants can become the dorsal (D) quadrant in these equal-cleavers. The existence of this second mechanism was first demonstrated in equal-cleaving gastropod molluscs (e.g., the archaeogastropod P. vulgata, the pulmonate basommatophorans Lymnaea stagnalis, L. palustris, van den Biggelaar and Guerrier, 1979; Arnolds et al., 1983; Martindale et al., 1985 , and the opistobranch Haminoea (callidegenita) vesicula, Boring, 1986) . More recently, van den Biggelaar (1996) showed that embryos of the polyplacophoran Acanthochiton crinitus remained radially symmetrical following removal of the entire first quartet, suggesting that a similar mechanism of D quadrant determination takes place in this more basal polyplacophoran mollusc. Using a more rigorous combination of cell lineage tracing to monitor cell fates and micromere deletions, Henry (2002) demonstrated that inductive selection of the D quadrant via the first quartet micromeres also occurs in the equalcleaving nemertean C. lacteus.
In this paper, we show that the small polar lobe of Crepidula is not essential for proper dorsoventral axis specification (D quadrant formation) or the development of normal veliger larval morphology. In fact, additional blastomere deletion experiments indicate that development of Crepidula follows that of equal-cleaving spiralians and that the D quadrant is not established until late during development via conditional cellcell interactions likely involving the first quartet micromeres, as is the case in other equal-cleaving species. The D quadrant does not appear to be fully determined until the time of formation of the fourth quartet derivative 4d. Significantly, the critical organizing role of the D quadrant is provided by the micromere progeny of 3D (specifically the 4d mesentoblast). This condition represents an apparent cellular and molecular heterotopy and heterochrony compared to the situation encountered in other equal-cleaving species. These issues and the potential evolutionary implications are considered in depth in the Discussion section.
Materials and methods

Obtaining and rearing Crepidula embryos and larvae
Adult specimens of C. fornicata are gravid throughout the summer months (June-August) and readily obtained from waters around the Marine Biological Laboratory in Woods Hole, MA. Female C. fornicata lay batches containing as many as 13,000 eggs, several times each year, and each egg mass contains up to 50 capsules each with 200-250 eggs (Conklin, 1897) . The fertilized eggs and embryos of Crepidula are devoid of tough extracellular membranes and easily removed from the delicate capsules using watchmaker's forceps. As the fertilized eggs, embryos, and young larvae are very sticky, they were released into gelatincoated dishes (Martindale and Henry, 1997) . The embryos were washed two times via transfer to fresh dishes containing 0.22 μm Millipore filtered seawater (MFSW). Conklin (1897) reported that the embryos of Crepidula do not develop normally for more than 1 or 2 days following removal from the mantle cavity of female snails. Such early difficulties were likely due to the lack of sterile filtered seawater essential for these experiments. Limited success in raising Crepidula was reported by Dohmen and Lok (1975) . However, we discovered that one can readily culture these embryos for over 2 months (through normal hatching stages) in MFSW containing penicillin (100 unit/ml) and streptomycin sulfate (200 μg/ ml), with no apparent bacterial growth, although occasional fine filamentous fungal growth could not be controlled by these antibiotics. Embryos were raised at room temperature 20-24°C. Embryos and larvae were transferred to fresh dishes and seawater every 2-7 days, as needed. The larvae can be reared for 1 month without feeding. Hatching requires 1-2 months, but well-formed veliger larvae were reached in only 5-7 days and differentiated structures could be readily observed at those stages.
Embryos and larvae were fixed in 4% formaldehyde in MFSW. Prior to fixation, the older larvae were relaxed by addition of chloral hydrate (5.94 mg/ ml). Addition of sodium azide (0.1%) in MFSW was also effective. Both treatments are reversible for a period of up to 1 h, and this facilitated observation of larval structures in live specimens.
Embryo manipulation
Polar lobe removal, cell separation, and cell ablation were conducted freehand using hand-pulled glass microneedles. The polar lobe was also removed by suction using a fine bore glass capillary pulled to a diameter slightly smaller than that of the lobe. The capillary was placed in a breaking mouth pipette, and the lobes were sucked off. This afforded tremendous control, and no appreciable leakage of cytoplasm was found to take place once the lobe was removed.
Separation of blastomeres at the two-cell stage
Blastomere separation was accomplished by placing the embryos in Ca ++ Mg ++ -free sea water (CMFSW, Cavanaugh, 1956) at the very beginning of the first cleavage division. Separation was much more difficult when this treatment was initiated once the two daughter cells had begun to establish firm contacts. Blastomeres were then cleaved using fine glass microneedles. If the exposure to CMFSW was limited to under 65 min, the blastomeres would continue to divide and their development could be followed for several days. The shorter the duration of treatment, the better the developmental outcome.
Lineage tracing
Individual blastomeres were pressure injected with either DiI, Fluoro Ruby dextran, or Rhodamin Green dextran (Molecular Probes, Eugene, OR) at the two-and four-cell stages, as described by Martindale and Henry (1995a) and Henry and Martindale (1998) .
Phallacidin staining for muscle cell differentiation and nuclear labeling with Hoechst
The distribution of filamentous actin associated with differentiated muscle cells was revealed by staining with Bodipy-phallacidin (Molecular Probes, Eugene, OR) following the protocol of Martindale and Henry (1995b) . Nuclei were labeled with Hoechst 33342 dye (Molecular Probes, Eugene, OR).
Results
The behavior of the polar lobe and the early cleavage pattern
In C. fornicata, a small polar lobe is formed at the first and second cleavage stages ( Figs. 2A-F) . These lobes are approximately 20-30 μm in diameter. In species like Ilyanassa, polar lobes are also formed prior to the first cleavage division in association with the meiotic reduction divisions. Although the eggs of C. fornicata undergo shape changes in association with the meiotic reduction division, the first visible polar lobe is formed during the first cleavage division. Prior to this stage, the embryos assume kidney bean shapes in which there is an inward dimpling at the vegetal pole during each of the meiotic reduction divisions. An initial series of experiments were performed to determine whether these polar lobes are, in fact, segregated to the future CD and D blastomeres by labeling cells that inherited the lobe with DiI or fluorescent dextran at the two-and four-cell stages, respectively (Figs. 3A-F). Subsequently, a variety of criteria were used to identify the D quadrant. Conklin (1897 Conklin ( , 1902 provided the first thorough description of the early cleavage pattern. At the 25-cell stage, the D quadrant can be readily distinguished with the precocious formation of the prominent yolky 4d mesentoblast (Fig. 1F ). Prior to this division, the 3D macromere protrudes from the side of the embryo in the 24cell stage embryos, and this condition persists through subsequent stages (Figs. 1E-F, 2G, and 3A-C), and this represents the earliest overt indicator of the D quadrant (first described by Conklin, 1897) . In addition, beginning at the 24cell stage, MAPK is activated specifically in the 3D macromere as revealed by antibody staining (anti-doublephosphorylated MAPK, Sigma, Henry and Perry, personal communication). Descriptions of organogenesis in Crepidula have been published by Conklin (1897) and Moritz (1939) , and a number of overt differentiated structures can be observed in the veliger larvae, including the shell, velum, pigment cells, muscles, ocelli, statocyts, foot, operculum, Beginning 25-cell stage embryo following injection of Dextran lineage tracer (red) into the blastomere receiving the polar lobe at the twocell stage. The dividing plates containing the 4D and 4d chromosomes can be clearly seen. In this example, the first cleavage division resulted in the formation of BC and AD blastomeres. (E) Example in which lineage tracer was injected into the single blastomere having received the polar lobe at the four-cell stage. Note that some dye leaked into to the sister blastomere (progeny with fainter red fluorescence), which in this case became the A quadrant. The progeny of the targeted cell (brighter fluorescence) became the D quadrant. Note that 4d is being generated in a typical sinistral fashion in panels D and E. (F) Another example in which lineage tracer was injected into the single blastomere having received the polar lobe at the four-cell stage. The injected cell generated the D quadrant. Note precocious division of 3D macromere with the appearance of the brightly stained, highly condensed metaphase plate. Scale bar equals 40 μm. kidneys, intestine, digestive tract, heart, etc. The D quadrant progeny generate a discrete subset of these fates (e.g., the intestine, heart, shell gland, mesentoblast bands), which are easily identified in the veliger larvae (Henry and Martindale, personal communication) .
In every case examined (88, at two-cell stage and 66 at fourcell stage, see Table 1 ), the lobe passed to those blastomeres giving rise to the D quadrant at the first and second cleavage divisions (Table 1 ). Furthermore, it was noted that the second polar lobe always passed to a vegetal cross-furrow macromere at the second cleavage division. Likewise, when the cell opposite that receiving the polar lobe was injected at the 4-cell stage, these always gave rise to B quadrant progeny (Table 1) . As a further control, cross-furrow and non-cross-furrow blastomeres were also labeled randomly at the 4-cell stage. When 46 cross-furrow blastomeres were labeled, 17 (37%) cases labeled the B quadrant and 28 (61%) labeled the D quadrant (one remaining case labeled the A quadrant and is likely due to an error in identifying the cross-furrow cell). When 20 non-cross-furrow cells were labeled, 12 (60%) of these gave rise to the A quadrant and 8 (40%) to the C quadrant. The data indicate that the injections do not themselves cause a significant bias in terms of the identity of cross-furrow or non-cross-furrow quadrants.
Beginning at the 8-cell stage, it was observed that one of the two vegetal cross-furrow macromeres contained an internal cytoplasmic region of noticeably different refractive properties located close to the vegetal cross-furrow, which apparently is a remnant of the contents of the fused polar lobe (Fig. 2H ). To determine if this is associated with a particular quadrant, vegetal macromeres containing this cytoplasm were labeled at the 8through 20-cell stages (over 30 cases examined). In every case, this cell formed the 4d mesentoblast.
Another interesting observation was made in the course of these experiments. In some cases in which single blastomeres were injected at the two-cell stage, the relative position of the resulting labeled D quadrant was not found in association with a labeled C quadrant (approximately 12%, see Table 1, compare  Figs. 3A-C with D-E). This observation can be interpreted in one of two different ways. First, the embryos from a single clutch can exhibit quartet cleavages beginning with either a dexiotropic or leiotropic chirality. This scenario, however, is not plausible as the first quartet micromeres are always formed in a dexiotropic fashion and no left-hand-coiled adults have been seen in the individuals sampled during the course of these experiments (over 500 cases). Furthermore, as 4d is born, this cell is always generated in an expected, counterclockwise, leiotropic fashion (Figs. 1F, 3A-E). The second viable alternative is that the plane of the first cleavage division is not fixed relative to the positions of the four cell quadrants. In other words, both AB/CD and BC/DA blastomere pairs are effectively being generated (Fig. 2D) . The latter situation is somewhat similar to the case seen in equal-cleaving spiralians such as the nemerteans Nemertopsis bivitatta and C. lacteus Martindale, 1994, 1998) . This observation could imply that Crepidula, in fact, behaves as an equal-cleaving spiralian and possibly employs late conditional specification of the D quadrant. Hence, additional experiments were undertaken to examine this possibility (see below).
The role of the polar lobe
The role of the polar lobe in D quadrant specification and subsequent development was examined by removing this structure during the first cleavage division. Surprisingly, development was completely normal in all cases examined. The early cleavage pattern was followed in 71 cases and in all cases there was normal cleavage and formation of the 4d mesentoblast at the 25-cell stage (Figs. 4A-C). Thirty-six of these cases were subsequently reared to early larval stages, and all cases exhibited completely normal development indistinguishable from that of controls (Figs. 4D-E), including the formation of a beating heart, intestine and complete external shell (derivatives of the D quadrant lineage), and two eyes (normally induced by the D quadrant lineage).
Compression of embryos prior to the two-cell stage
Previously published experiments indicate that equalization of the first cleavage division may distribute the contents of the polar lobe to both daughter cells leading to the establishment of two D quadrants and the phenomenon of twinning, as each D quadrant is capable of organizing a separate body axis (Tyler, 1930; Guerrier et al., 1978; Henry and Martindale, 1987; Dorresteijn et al., 1987; Render, 1989) . The polar lobe of Crepidula is very small, hence, it may not be possible to effectively divide this structure; however, an attempt was made to "equalize" the first cleavage division via compression, as described by Henry and Martindale (1987) . In fact, a report by Dohmen and Lok (1975) , who examined the ultrastructure of the polar lobe of Crepidula, indicates that these lobes contain approximately five individual aggregates of vesicles similar to those seen in the lobes of Bithynia, Buccinum, Aminicola, and Littorina Verdonk, 1974, 1979a,b; Verdonk and Cather, 1983; Craig and Cather, 1983) . These vesicles may contain determinants that establish the D quadrant. As these vesicles are present in separate aggregates, it may be possible to distribute some to both cells at first cleavage. A total of 104 cases were prepared. During compression and the first cleavage division, no polar lobe was extruded. Only cases exhibiting equal cleavage were chosen for further study. No sign of twinning was noted in any of these embryos. In 99 cases, development was completely normal (data not shown). One other case was fairly normal but contained a close-set pair of ocelli and a reduced velum. The remaining 4 cases developed in a radialized fashion with no overt axial properties or discernable cell types. Abnormal development in these latter cases may have resulted from some trauma due to compression.
Separation of blastomeres at the two-cell stage
Previous experiments conducted with various unequalcleaving spiralians indicate that isolated early blastomeres exhibit differential developmental potential (van den Biggelaar and Guerrier, 1983; Verdonk and Cather, 1983; . For instance, isolated CD (two-cell stage) and D (four-cell stage) blastomeres exhibit partial regulative ability and express a greater range of developmental fates and overt dorsoventral axial properties relative to the other blastomeres. Half-embryos were prepared by treatment at the first cleavage division by separating the two blastomeres with glass microneedles in CMFSW. The development of isolated blastomeres was followed to determine if these cells could undergo regulation. In general, these half-embryos did not develop well. Early cleavage was somewhat delayed, but generally followed a normal pattern, as if the cells had remained within the intact embryo ( Figs. 5A-B) . Many cases only cleaved once and did not form micromeres. Other cases formed variable numbers of micromeres before arresting their development. A total of 18 half-embryos (including 3 corresponding pairs) were raised to more advanced stages. In all of these cases, further development was abnormal, resulting in the formation of highly disorganized half-larvae. Some motile cilia were present, including some longer, possible velar cilia, but no other recognizable structures were detected.
In the course of the earlier experiments to follow the fusion of the polar lobe, above, the injected cell (i.e., receiving the polar lobe) underwent lysis. The surviving "AB" or "BC" cells were cultured (7 cases). Four of these developed radialized larvae. One other case contained two close-set eyes and some reduced velar tissue (Fig. 5C ). Another case formed three closeset eyes and some reduced velar tissue. The last case formed two close-set eyes with reduced velar tissue, and what appeared to be a foot with no statocysts. These latter results suggest that this approach is a better one for preparing viable half-embryos and that the partial embryos can exhibit some degree of regulation, though further studies should be undertaken in the future.
The role of the first quartet
Experiments with equal-cleaving molluscs and the nemertean C. lacteus indicate that the first quartet is essential for normal development and the establishment of the D quadrant (van den Biggelaar and Guerrier, 1979; Arnolds et al., 1983; Martindale et al., 1985; Boring, 1986; van den Biggelaar, 1996; Henry, 2002) . The function of the first quartet in C. fornicata was examined by removing these cells shortly after their formation in 8-cell stage embryos. This was accomplished by the use of fine glass needles and in other cases by over-injection of these cells with DiI. The latter approach led to the rapid lysis and sloughing of these cells, and one could easily visualize the loss of these transiently labeled cells. A total of 34 cases were prepared. None of these embryos exhibited the early asymmetries associated with the division of the D quadrant, and in every case, these ultimately formed radialized larvae consisting of a rounded yolky mass of cells attached to an elongated transparent, tripartite cellular tube, with no other overt signs of cellular differentiation (Fig. 6 ). Staining of these embryos with phallacidin revealed that they did not contain any differentiated muscle cells (data not shown).
The developmental potential of the cell quadrants
It is not entirely clear whether the D quadrant and associated cell fates are established autonomously or via inductive interactions in Crepidula. As the experiments above indicated that one can reliably predict which blastomere will give rise to the D quadrant at the four-cell stage, we performed a series of experiments to determine if the embryos can regulate when this cell is removed. The results indicate that most cases can undergo regulation, differentiating dorsoventral polarity and bilaterally paired structures. A total of 29 cases were examined. In nine (31%) cases, development was completely normal (Figs. 7A-B ). In two (7%) other cases, the larvae appeared fairly normal but contained a close-set pair of ocelli. Five (17%) cases developed a foot, bilaterally paired statocysts, a shell, operculum, a velum of reduced size, but no ocelli. Four (14%) cases developed a shell, foot, bilaterally paired statocysts, but no ocelli or a vellum. Seven (24%) cases developed in a radialized fashion with no overt cellular differentiation. The remaining two (7%) cases had lost a number of cells, but developed a single recognizable ocellus.
As a control, the adjacent future A or C blastomere was removed at random in a total of 33 cases. The range of development was similar to the experiments detailed above (Figs. 7C-D). Ten (30%) cases were completely normal. One case (3%) was normal but with close set ocelli. Another single case (3%) was completely normal but lacked the right ocellus. Four (12%) cases had a normally formed head with ocelli and a foot with bilaterally paired statocysts, but there did not appear to be any external shell. Eight cases (24%) developed a foot with bilaterally paired statocysts, a shell, velar lobe, but no ocelli. Six additional cases (18%) were similar to the latter, but the size of the velum was reduced. One case (3%) formed a radialized embryo. The two remaining cases (6%) had lost many cells and were highly abnormal. Together, these experiments indicate that the D quadrant is not determined in the four-celled embryo.
The timing of D quadrant specification and organizer activity
In a final series of experiments, the future D blastomere was labeled at the four-cell stage and specific cells removed at subsequent stages. In 49 cases, the presumptive 3D cell was removed early, approximately 30 min after its birth (birth corresponded to the initiation of the division of 2D to form 3D and 3d). In 28 (57%) cases, development was completely normal or normal but slightly delayed (Figs. 7E-F ). Twenty-one (43%) other cases exhibited abnormal highly disorganized development or radialized larvae. 3D was also ablated later just at the time it began to divide to form 4D and 4d (in a total of 94 cases). The range of development was similar to that observed in the latter series of experiment. Though more cases exhibited abnormal development, a substantial number of the cases 38 (40%) formed normal or normal but delayed larvae, with the other 56 (60%) cases forming abnormal radialized larvae (data not shown).
In another series of experiments, the presumptive 3C macromere was removed just prior to the formation of the fourth quartet micromeres. A total of 26 cases were examined, and 18 cases (69%) formed normal larvae containing all differentiated larval structures but some cases appeared to be stunted . The other eight cases (31%) were abnormal in development but not completely radialized. This experiment suggests that there is a baseline level of defects associated with the surgical removal of one of the large third quartet macromeres, similar to the results observed for the removal of single blastomeres at the four-cell stage, above. Certain developmental processes involve epigenetic, stochastic events which may lead to some variability in the results. The exact timing of blastomere removal may also have some impact, if critical inductive signals are transmitted between blastomeres during these stages (e.g., Martindale, 1986; Goulding, 2003) . Regardless, the results reveal that a substantial level of regulation can take place under these conditions.
The 4D macromere was removed at the 25-cell stage in a total of 74 cases, and development was completely normal in 67 (91%) cases (Figs. 7I-J). Two other cases (2%) appeared normal but were not as fully developed, appearing delayed or stunted. Another case (1%) formed a complete head with a partial shell. The last four cases (5%) developed abnormally with no apparent organogenesis.
In 119 cases, the 4d micromere was removed at the 25-cell stage. 117 cases (98%) developed in a radialized fashion with little overt signs of differentiation (Fig. 7K) . In some cases, ciliated tissue could be seen, which might be velar tissue. The remaining two other cases (2%) appeared to be completely normal. It is likely that in these later cases the 4d cell had not actually been removed.
Finally, both the 4D and 4d cells were removed approximately 30 min after the birth of 4d. All six cases (100%) generated abnormal, radialized larvae exhibiting development similar to the minus 4d cases, described above, but the "larvae" were smaller in overall size (Fig. 7L ).
Discussion
Polar lobes are formed by a number of spiralian embryos, and their occurrence appears to be independent of phylogenetic position (Hess, 1962; von Fioroni, 1979 , Dohmen, 1983a Freeman and Lundelius, 1992) . It is generally held that polar lobes play critical roles in development by segregating key morphogenetic determinants to the D cell lineage which in turn establish the organizing influence of the 3D macromere that sets up the dorsoventral axis and organizes the development of other quadrant cell fates through inductive interactions. Despite this, the role of the polar lobe has only been carefully examined in a handful of species, including the molluscs: I. obsoleta, B. tentaculata, D. dentale, and M. edulus and the annelids: Sabellaria cementarium, and C. variopedatus (Hatt, 1932;  Novikoff, 1938; Clement, 1952 Clement, , 1967 Rattenbury and Berg, 1954; Cather and Verdonk, 1974; Cather et al., 1976; Van Dongen, 1976a,b; Geilenkirchen, 1974, 1975; Render, 1983) . In fact, as previously mentioned in the Introduction section, there are examples in which polar lobes appear to play little or no role in development (e.g., Chaetopterus and Bythinia). In the present study, we have demonstrated that the small first polar lobe of C. fornicata does not appear to be required for normal development. One can, of course, ask whether these vegetal protrusions should be considered true "polar lobes" in C. fornicata. Clearly, their morphological appearance and pattern of fusion with the prospective D quadrant generating blastomeres support this conclusion. Furthermore, an ultramicroscopic investigation of these lobes (Dohmen and Lok, 1975) revealed vesicular inclusions with an appearance similar to that found in polar lobes of Bithynia and Aminicola Verdonk, 1974, 1979a,b; Craig and Cather, 1983) .
The results indicate that the D quadrant in Crepidula is not determined precociously (autonomously) as a result of polar lobe fusion or the pattern of the first and second cleavage divisions. In fact, the embryos can undergo regulation if the D quadrant macromere is removed even up to the birth of the fourth quartet micromere (4d). Development in these cases may be completely normal or normal but slightly delayed, with the vast majority of cases able to differentiate discrete cell fates including those normally derived from the D quadrant, as well as overt signs of bilaterality and dorsoventral polarity. This finding is very interesting as there are earlier signs pointing to specification of the D quadrant in Crepidula (i.e., the predictive pattern of polar lobe fusion with those cells generating the prospective D quadrant at the two-and four-cell stages, and the distinctive protrusion of the 3D macromere at the 24-cell stage, prior to its division to form 4D and 4d). In addition, MAP kinase is activated specifically in the 3D macromere at the 24-cell stage as revealed by antibody staining of double phosphorylated MAPK (Henry and Perry, personal communication, similar to the situation encountered for I. obsoleta, and other spiralians, see Nagy, 2001, 2003) . The development of isolated blastomeres does not reveal any significant differences and is consistent with the results found for other equal-cleaving species (Morrill et al., 1973; Verdonk, 1979) . Together, the data presented here indicate that Crepidula exhibits a mode of development similar to that of other equal-cleaving spiralians.
The results actually indicate that determination of the D quadrant occurs later (with the birth of the 4d micromere at sixth cleavage) when compared to the situation found in other equalcleaving species. Once 4d is born, 4D is not essential for normal development. On the other hand, 4d appears to represent the critical organizer for the development of the other cell quadrants and for setting up the dorsoventral axis. Consistent with this are the experiments suggesting that half-embryos are also able to undergo aspects of regulation. When compared to other equalcleavers, Crepidula exhibits interesting differences in the developmental timing associated with the specification and determination of the D cell quadrant and its subsequent role in organizing the development of the D-V axis and adjacent quadrant fates. Experiments in other equal-cleaving species indicate that the D cell quadrant is established following the birth of the third quartet micromeres, during the interval between the fifth and sixth cleavage divisions, and subsequent organizer activity is realized shortly after this event in the 3D macromere, prior to formation of 4d (van den Biggelaar and Guerrier, 1983; Verdonk and Cather, 1983; Martindale, 1986 ). As mentioned above, the D cell quadrant is not fully determined until the time of formation of the 4d mesentoblast in C. fornicata, and this cell in turn serves as the key organizer for subsequent development. When compared to the situation found in other gastropods, this appears to represent a form of heterochronic shift in the timing of D quadrant induction. Interestingly, Lambert and Nagy (2003) observed that, unlike the case in other spiralians, MAPK is activated initially in 4d in the annelid Hydroides hexagonus. On the basis of these observations, they proposed that 4d might actually serve as the key organizer in this species. A nice discussion of various heterochronic changes relating to the establishment of the dorsoventral axis is provided in the paper by Lambert and Nagy (2003) . It is also interesting to note that Surface (1907) and van den Biggelaar (1996) found that the mesentoblast in some polyclads forms from a derivative of 4d (for example, mesentoblast formation occurs one division later in these species). Hence, a number of different developmental heterochronic changes have occurred during the evolution of the lophotrochozoan spiralians.
It is unclear why the polar lobe normally fuses with the future D quadrant blastomere in C. fornicata. Perhaps the polar lobe plays a role in the establishment of the germ lineage. Whether or not removal of the polar lobe leads to sterility is unclear and would require very difficult, prolonged culture of lobeless animals. The origin of the germline in spiralian embryos is uncertain, though some authorities have claimed that this is derived from the endomesodermal lineages of the D quadrant (Woods, 1931 (Woods, , 1932 Dohmen, 1983b Dohmen, , 1992 Dohmen and Lok, 1975; Dohmen and Verdonk, 1979a,b) . Certain mRNAs are localized to the germ lineage in various organisms including those encoding the RNA binding protein nanos and the DEADbox RNA helicase, vasa. In a recent report, it was shown that a maternal vasa-like gene is localized to the polar lobe and is segregated to the CD cell and ultimately to the 4d micromere in the unequal-cleaving oyster Crassostrea gigas (Fabioux et al., 2004a) . This gene is also expressed in the germ tissues of the adult (Fabioux et al., 2004b) . It will be interesting to determine if vasa or nanos is localized to the polar lobe in Crepidula.
The experiments involving the removal of the first quartet micromeres indicate that these cells are important for the induction of the D quadrant organizer, as is the case in other equal-cleaving spiralians. In the latter, it is normally one of the two vegetal cross-furrow macromeres that is selected to become the 3D macromere due to their more central location within the embryo and proximity with the derivatives of the first quartet micromeres that induce this cell (van den Biggelaar and Guerrier, 1983; Verdonk and Cather, 1983; Verdonk and van den Biggelaar, 1983) . In Crepidula, there may be some cellular or physical bias towards specification of the quadrant receiving the lobe due to some subtle change in cell size or position within the embryo that might influence cell contacts that specify the D quadrant.
It has been demonstrated in other equal-cleaving spiralians that the critical signals provided by the first quartet for inductive selection of the 3D macromere occur relatively early during the time interval between fifth and sixth cleavage (van den Biggelaar and Guerrier, 1979; Arnolds et al., 1983; Martindale, 1986; Martindale et al., 1985) . As is the case in other equal-cleaving spiralians, any one of the cell quadrants appears to be able to assume the D quadrant fate in Crepidula. On the other hand, the regulative capacity of these quadrants is extended later during the interval between fifth and sixth cleavage in Crepidula. Perhaps the critical signals provided by the first quartet micromeres occur later during this time interval or they may be prolonged throughout this period, which allows for the extended regulatory capacity observed in this study. This would appear to be consistent with the apparent heterochronic shift in the determination of the key organizer, 4d vs. 3D, as described above.
These results have other implications as far as understanding the transition/evolution of equal and unequal cleavage patterns among the spiralian Lophotrochozoa, specifically related to polar lobe formation and the early segregation of developmental determinants. The scattered occurrence of polar lobes in different families of molluscs, annelids, and myzostomids suggests that they may have evolved independently in these groups. Considered together with previous reports (Dohmen and Verdonk, 1974; Cather and Verdonk, 1974; van Dam et al., 1982; Henry, 1986 Henry, , 1989 , the data indicate that all polar lobes do not serve the same key roles in development. In fact, polar lobe formation can occur independently from the localization or segregation of morphogenetic factors required for the specification of particular cell lineages. In the case of C. fornicata, polar lobes form independently from a mode of early determination of the D cell quadrant as C. fornicata must now be considered an "equal-cleaving" spiralian. Clearly, a larger sampling of polar-lobe-forming species should be carried out to understand the nature and possible evolution of these structures, particularly in species forming small polar lobes.
